Abstract-We propose a 400G frequency-hybrid superchannel solution based on three carriers, two edge PM-16QAM, and a central PM-64QAM carrier, compatible with the 62.5-GHz grid slot (spectral efficiency of 6.4 b/s/Hz). The proposed superchannel is experimentally assessed in long-haul transmission by copropagation with other eight similar superchannels. The optimum power ratio between superchannel carriers is analytically determined in linear and nonlinear operation regimes using the enhanced Gaussian noise model and validated by experimental and simulation results. The 400G superchannel performance is evaluated in terms of maximum reach determining the optimum launch power and considering three distinct forward-error correction (FEC) paradigms: superchannel FEC (SC-FEC) where a single FEC is applied to the entire superchannel, independent carrier FEC (IC-FEC) where an independent FEC with fixed overhead is applied to each superchannel carrier, and independent carrier flexible FEC (Flex-FEC) where optimized FEC overheads are applied independently to each superchannel carrier with the constraint of a given total overhead. When compared to the IC-FEC approach, the SC-FEC or Flex-FEC approaches enable to extend the maximum transmission distance by more than 60%, while reducing the optimum power ratio by ∼6 dB, at the cost of 2 dB higher launched power. The system performance is also analyzed for the case of nonlinear compensation via digital backpropagation (DBP) techniques, assessing the improvement in reach and evaluating their impact on the optimum power ratio and launch power. For the proposed frequency-hybrid superchannel, we demonstrate that the application of DBP can be restricted to the carrier with higher QAM cardinality, thereby significantly reducing the overall computational effort, with a maximum reach reduction of only ∼2% over the application of DBP to all three carriers individually.
I. INTRODUCTION
T HE continuous growth of data traffic has been pushing the current 100G networks to its limits. Telecom operators look now for new cost-effective solutions for the next-generation optical transmission systems [1] - [3] .
Optical systems based on superchannels and flexible networks have been attracting significant attention, due to their capability to increase the channel data-rate, spectral efficiency (SE) and adaptability to the traffic demand, while avoiding the replacement of the installed equipment [4] - [13] . Several enabling techniques have been recently proposed to add bit-rate granularity to networks, with emphasis for time-domain hybrid modulation formats (TDHMF) which have been intensively studied in several simulation and experimental works [14] - [17] . More recently, probabilistic constellation shaping has been proposed as an alternative solution for the increase of the bit-rate granularity in flexible networks, while shrinking the gap to Shannon capacity [18] - [20] . Although the same digital signal processing (DSP) algorithms can be used for the signal equalization at different spectral efficiencies, the coding and decoding subsystems tends to bring some additional complexity due to the required shaping [18] - [20] .
The design of hybrid modulation optical systems involves a new key degree of freedom -the power-ratio (PR) between formats-which also depends on the transmitter operation strategy. In [21] four transmitter operation strategies for time-hybrid modulation formats were proposed and the respective theoretical optimum PR were derived for additive white Gaussian noise (AWGN) channels. However, the nonlinear effects generated during signal propagation in fiber may substantially change the optimum PR regimes derived for AWGN channels. An extended analysis of this issue requires the use of advanced nonlinear modeling techniques, such as the recently proposed enhanced Gaussian noise (EGN) model [22] , which allows to take into account the impact of different modulation formats on the generated nonlinear interference (NLI).
Several 400G superchannel solutions based on dual-and triple-carrier PM-16QAM over 75 GHz (SE = 5.33 b/s/Hz) grid [11] , [23] - [25] and triple-carrier PM-64QAM distributed over 50 GHz (SE = 8 b/s/Hz) grid [23] were previously proposed. These solutions proved to be suitable for ultra-long-haul (>5000 km) and metro (<1000 km) applications, respectively. However, there is this gap of distance (from 1000 km to 5000 km) for which other solutions might also be proposed. Moreover, given the recently standardized flexible grid of 12.5 GHz, solutions for the 62.5 GHz slot must also be developed, aiming to achieve a better tradeoff between SE and transmission distance. Possible superchannel solutions to be implemented under such conditions could resort on the use of PM-32QAM carriers. Although, due to its non-rectangular (cross QAM) constellation structure, it requires a more complex transmitter structure to implement a correlated I-Q modulation and does not allow Gray coding [26] . Alternatively, timeor frequency-hybrid superchannel solutions could also be considered. In [27] , we proposed a 400G frequency-hybrid triple-carrier superchannel solution, composed of a central PM-64QAM and two edge PM-16QAM carriers. When compared to the PM-32QAM carriers superchannel, the proposed hybrid solution will make the superchannel more resilient to reconfigurable optical add-drop multiplexer based on wavelength selective switch (ROADM-WSS) filtering due to the use of PM-16QAM carriers at the edges of the superchannel (which can operate at a lower power and also presents higher filtering tolerance than PM-32QAM carriers) [28] , [29] , whilst avoiding the use of non-square QAM carriers.
Since in optical transmission systems based on hybrid solutions the different formats may have quite different performances, a new flexible forward error correction (FEC) technique has been proposed as a way to improve the overall system capacity. In [30] this approach was applied to a TDHMF system, based on hybrid PM-QPSK and PM-16QAM modulation, where each format operates with its own FEC code, providing an improvement of the system sensitivity compared to a single FEC approach. This technique was also applied to a superchannel system [31] and to a full WDM C+L-band transmission system [32] , [33] aiming to counteract performance variations between different carriers and/or channels.
In [27] , the optimum PR between carriers was analytically determined for the linear and nonlinear regimes of operation through the EGN model and verified by experimental and simulative (split-step based) results. The superchannel was evaluated considering only linear compensation of the transmission impairments. In this paper, we evaluate the performance after linear and nonlinear compensation, considering three distinct FEC coding schemes. Additionally, we also analyze the impact of different digital backpropagation (DBP) techniques targeting intra-or inter-carrier compensation. The proposed superchannel solution proved to be compatible with the 62.5 GHz grid slot, thus enabling a spectral efficiency of 6.4 b/s/Hz, while achieving a maximum transmission distance of 2500 km.
The paper is organized as follows. The laboratorial setup utilized for the transmission of the proposed 400G superchannel, together with the digital signal processing (DSP) subsystems required to demodulate each superchannel carrier are described in Section II. In Section III, the performance of each carrier is individually assessed in terms of maximum reach, for both linear and nonlinear compensation. Section IV is devoted to the optimization of the PR between superchannel carriers for each of the FEC schemes considered. Then, in Section V, different DBP-based nonlinear mitigation strategies are applied aiming to evaluate their impact on the optimum PR and system maximum reach. Finally, the main conclusions drawn from this work are summarized in Section VI. Fig. 1 illustrates the experimental setup used for the transmission of a WDM system composed of nine 400G frequencyhybrid superchannels. Each superchannel is assigned to a grid slot of 62.5 GHz (net SE of 6.4 b/s/Hz) and is composed of three carriers separated by 20 GHz: two PM-16QAM edge carriers and a central PM-64QAM carrier, each operating at a symbol rate of 18 GBaud, see the inset of Fig. 1 . The proposed superchannel carries a gross bit-rate of 504 Gb/s, enabling to allocate 26% of overhead (including 20% of soft-decision FEC (SD-FEC) and 6% protocol overheads) over the net 400 Gb/s bit-rate, so that the system can operate at a pre-FEC bit error rate (BER) of 2.4 × 10 −2 [8] . The central superchannel carriers (superchannel under test) are generated by 3 external cavity lasers (ECL) (linewidth <100 kHz), while the remaining 24 carriers are generated by distributed feedback lasers (DFB). The central PM-64QAM optical carrier is modulated using a dual-polarization in-phase and quadrature modulator (DP-IQM), driven by a digital-to-analog converter (DAC) operating at 64 GSa/s and with an electrical bandwidth of 8 GHz. A second DAC is used to create two independent 16QAM signals, which are then polarization multiplexed by means of a polarization multiplexer (PM) emulator, yielding the two edge PM-16QAM carriers. The modulation signals are obtained from uncorrelated 2
II. EXPERIMENTAL SETUP
15 -1 pseudorandom bit-sequences (PRBSs), digitally shaped by a raised cosine filter with a roll-off factor of 0.05, and pre-emphasized to compensate for the bandwidth limitations of the transmitter components. After coupling the optical carriers, the PR between superchannel carriers, defined as P 64QAM /P 16QAM , is adjusted by a programmable optical filter placed at the optical coupler output, before an erbium doped fiber amplifier (EDFA). Note that, the PR between carriers is identically adjusted for all the 9 WDM superchannels.
The generated 9 WDM 400G superchannels are then launched into the optical recirculating loop, controlled by two acoustooptic modulators (AOM) and composed of 2 × 107.62 km spans of pure silica core fiber (PSCF) (each span consisting of 54.44 km of PSCF150 plus 53.18 km of PSCF110). Each fiber span is composed of concatenated spools of PSCF150 and PSCF110 fiber, whose weight average parameters are [34] : attenuation (α) is 0.16 dB/km; chromatic dispersion (CD) is 20.6 ps/nm/km; nonlinear coefficient (γ) is 0.7 W −1 km −1 . Additionally, there are about 1.5 dB of extra losses per span due to the splices between PSCF transition patch-cords and fiber spools. A loop synchronous polarization scrambler (LSPS) is inserted to average out polarization dependent effects in the loop. After each fiber span, an EDFA, with 5.5 dB of noise figure, compensates for the total span loss of 18.75 dB. The loop also includes a gain-equalizer unit (Gain Eq) required to correct for residual gain unbalance and to preserve the PR between carriers.
After the recirculating loop, a standard coherent receiver detects each carrier of the central superchannel, tuning the local oscillator (LO) laser (ECL laser) and the optical filter to the desired carrier. A 25 GHz bandwidth tunable optical filter is inserted at the receiver input, aiming to prevent excessive optical power from reaching the photo-detectors. The signal is then sampled by a 50 GSa/s real-time oscilloscope with an analog bandwidth of 33 GHz and offline DSP is independently applied to each carrier. The DSP starts with the compensation of the optical frontend impairments, low-pass filtering and downsampling to 2 samples per symbol (SpS). A static equalizer block is then applied to perform chromatic dispersion equalization (CDE) in frequency-domain, or alternatively intra-carrier nonlinear compensation based on a split-step Fourier DBP technique. After that, a 2 × 2 multi-input multi-output radius-directed equalizer (RDE) [35] , [36] is independently applied to each superchannel carrier to compensate for the polarization-dependent effects and residual CD. For the PM-16QAM carriers, the RDE equalizer is initialized in a data-aided (DA) mode, with the correct radii of the 16QAM constellation being known a priori from a training sequence. After tap convergence is reached, the RDE equalizer is switched to a decision-directed (DD) mode [35] , [36] . In turn, for the PM-64QAM carrier, the RDE equalizer is kept in DA mode at all times, in order to avoid possible tap divergence issues. Note that, when using SC-FEC, the PM-64QAM carrier can operate in a high BER regime, which may be more challenging for the equalizer convergence and stability. The use of fully DA equalization for the PM-64QAM carrier has therefore been a design choice to ensure more robust equalization, thereby avoiding any interference of possible DSP implementation issues on the performance analysis of the frequency-hybrid 400G SC, which is the main focus of this paper. Nevertheless, we do not expect this simplified DSP assumption to create significant performance changes, since it has been already shown in other works that blind DSP can be adequately designed for PM-64QAM with very small implementation penalty [36] . Then, frequency estimation is performed by a 4th power spectral method, while an initial coarse phase estimation based on the 4th-power Viterbi&Viterbi (V&V) algorithm is applied to the QPSK-like symbols in the PM-16QAM and PM-64QAM carriers. Although this V&V CPE stage is applied over the 2× oversampled signal, phase estimation is actually performed over a downsampled version of the signal (1 sample/symbol). The extracted phase noise trace is then upsampled to 2 samples/symbol and removed from the signal, allowing for a subsequent fractionally-spaced FIR-based adaptive equalization stage. An additional inter-symbol interference (ISI) 4 × 4 adaptive equalizer is required after CPE for fine tuning the linear adaptive equalization, and to compensate for the residual IQ transmitter skew. This equalizer is based on a least mean square (LMS) algorithm, with a DA convergence stage followed by DD operation in steady-state for the PM-16QAM carriers and fully-DA operation for the PM-64QAM carrier, with the real and imaginary parts of each signal polarization being treated separately. At the end, the signal is downsampled to 1 SpS and a second fine-tuned CPE stage based on a maximum likelihood decision-directed (ML-DD) algorithm, using 31 taps, is applied [37] . Note that, the number of taps used by each algorithm is optimized for the two modulation formats. Finally, after signals decoding, the BER associated to each superchannel carrier is estimated.
The system was initially evaluated in a back-to-back (B2B) configuration, aiming to determine the implementation penalties associated to each superchannel carrier, which affect the theoretical predictions of the system performance. Considering the defined BER threshold of 2.4 × 10 −2 , the experimental B2B penalties associated with the PM-16QAM and PM-64QAM carriers were determined to be 0.8 dB and 2.3 dB, respectively. Afterwards, the experimental setup was analyzed for different values of PR. For each PR, we varied the input mean power per superchannel between −8 dBm and 2 dBm, and the number of loop recirculations, ranging from 1 recirculation up to a maximum of 20 recirculations (about 4300 km).
Along this paper, unless otherwise mentioned, the plotted curves (dashed, dotted, solid lines) refer to the EGN model predictions, the open markers ( , , , ) refer to the simulation results and the filled markers ( , , •, ) refer to the experimental results. The PM-16QAM experimental and simulation results shown are obtained from the mean BER of the two PM-16QAM edge carriers. 
III. INDIVIDUAL PERFORMANCE ANALYSIS OF EACH SUPERCHANNEL CARRIER
In this section, we evaluate the performance of each superchannel carrier individually determining the maximum reach (MR) when a BER threshold of 2.4 × 10 −2 is reached (assumption of a 20% SD-FEC). Analysis is conducted either considering regular chromatic dispersion equalization (label CDE) or nonlinear compensation through DBP (label DBP), where DBP is employed separately to each carrier. The system is initially analyzed from the theoretical point of view by taking advantage of the EGN model, which allow us to account for the different modulation formats assigned to each superchannel carrier, and then validated by experimental and simulative results. The experimental results are obtained using the setup presented in the previous section, while split-step-based simulations are carried out using the commercial optical system simulator OptSim TM . For uniformity with the experimental scenario, B2B penalties are taken into account by noise loading over the received signal in the simulation, and by adjusting the target optical signal-tonoise ratio (OSNR) in the EGN model. Fig. 2 presents the estimated MR of each carrier as a function of the mean power per superchannel and PR, for CDE (dotted-curves and , , , markers) and DBP (dashedcurves and , , , • markers) cases. Both in experiment and simulation, DBP is applied using the back-propagation split-step Fourier (BP-SSF) method with 2 steps per span. For the EGN model, we first evaluate the NLI produced by the transmission of a single-carrier under analysis, that is being compensated by DBP, then in the post-processing it is removed from the total NLI affecting the carrier (when considering the transmission of all the 9 superchannels). The experimental and simulative MRs presented as a function of the mean power per superchannel are obtained from the interpolation of the BER results obtained after each recirculation, every 2 spans. As expected, the PM-64QAM
carrier (red results) shows a shorter MR than PM-16QAM (blue results) for low PRs, not only due to the higher OSNR required for the PM-64QAM to deliver the mentioned BER threshold but also due to its higher sensitivity to nonlinear propagation effects (mainly because of the smaller guard band separating the PM-64QAM from its two PM-16QAM nearest neighbors). However, for high PRs, the carriers performances tend to be leveled out. It can be observed that the PR increase involves a compromise between the MR achieved by the PM-16QAM and PM-64QAM carriers, triggered by the inter-carrier NLI. Increasing PR cause a reduction of the MR achieved by the PM-16QAM carrier, due to the fact that we are reducing the power relatively to the PM-64QAM carrier, thereby the PM-16QAM will suffer from higher inter-carrier NLI produced by the adjacent high power PM-64QAM carriers. On the other hand, the MR achieved by the PM-64QAM increases due to the lower inter-carrier NLI generated by the adjacent reduced power PM-16QAM carriers.
When DBP is applied, there is a clear improvement of the superchannel carriers MR. However, as PR increases, the nonlinear compensation effect over the PM-16QAM carriers tends to become less pronounced, due to the fact that we are decreasing its power and consequently the nonlinearities caused by the carrier over itself, that are compensated for the DBP. On the other hand, the PM-64QAM carrier performance significantly improves not only due to the compensation of intra-carrier nonlinearity, but also due to the lower nonlinear effects caused by the adjacent carriers. Indeed, for PR of 2.2 dB, a MR increase of ∼20% and ∼9% is obtained for the PM-64QAM (∼1200 km against ∼1000 km) and PM-16QAM carriers (∼4150 km against ∼3800 km), respectively. In turn, for higher PRs, such as 8.7 dB, a MR gain of ∼40% is obtained for the PM-64QAM carrier (∼1650 km against ∼1150 km), while it becomes negligible for the PM-16QAM carriers. In general, there is an excellent agreement of the experimental results with the EGN model and simulation analysis, see Fig. 2 . Only for few cases based on DBP there is a small misalignment between results, but differences are always limited to less than 15%, which may be due to the presence of stronger nonlinear signal-to-noise interactions in the optical link and also due to the possible correlations between the various carriers in the laboratorial experiment (resulting from the even-odd modulation) [38] , [39] . This comprehensive study on the individual performance of superchannel carriers allowed us to make sure that both EGN model and simulation analysis are fully aligned with the experiment proving that an accurate parameter identification has been successfully conducted. Under these conditions, in the next sections of the paper we can proceed to the application of different FEC and compensation strategies having reliable results from experiment, simulation and model. Moreover, based on such confidence, in Section V we will use the EGN model to extend our analysis further than the set of experimental data to demonstrate some advanced approach for DBP.
IV. JOINT POWER-RATIO AND FEC OPTIMIZATION
In this section, we assess the overall superchannel performance aiming to determine the optimum PR between superchannel carriers. We consider the following three FEC paradigms: 1) Superchannel FEC (SC-FEC), consisting of a single FEC code applied to the single 400G data stream carried by the three carriers composing the superchannel. Fig. 3(a) depicts the block diagram of SC-FEC implementation. A single FEC encoder is applied to the entire data stream of a superchannel, which is then sent to an interleaver block that decorrelates the data stream over time and across the superchannel carriers. After that, a serial to parallel conversion (S/P) block is applied to divide the data stream into the carriers data streams. Afterwards, each carrier is independently modulated and combined in a superchannel for transmission. At the receiver, after independent demodulation of the each superchannel carrier, the data streams are combined again by a parallel to serial conversion (P/S) block and send to the de-interleaver block. A single FEC decoder block is then applied to the entire superchannel data stream, aiming to retrieve the transmitted bits. In this work, the superchannel FEC overhead (FEC-OH) is defined as 20 %. Since FEC coding and decoding is interleaved among all superchannel carriers, the system performance can be assessed through the pre-FEC weighted average BER given by:
where BER SC is the average BER of the entire superchannel, BER n is the BER measured on the n-th superchannel carrier and M n is the constellation cardinality of the n-th superchannel carrier. 2) Independent carrier FEC (IC-FEC) , consisting of N independent FEC codes, one for each superchannel carrier, with a fixed and common OH. In this case, independent FEC encoder and decoder blocks are applied to each carrier of the superchannel, as can be seen from Fig. 3(b) .
In this work, all carriers operate with the same FEC-OH of 20%. Since all superchannel carriers are coded and decoded independently, the overall superchannel performance is set by the worst performing carrier and thus can be assessed by the highest individual pre-FEC BER:
Therefore only the worst performing carrier is operating at the FEC threshold, while the remaining carriers are practically working error free with some margin with respect to the FEC threshold. 3) Independent carrier flexible FEC (Flex-FEC), in which, similarly to the IC-FEC case, an independent FEC code is assigned to each carrier, but the allocated OHs can be optimized on a per-carrier basis. In order to maintain a net bit-rate of 400 Gb/s and thereby allow for a fair comparison with the SC-FEC and IC-FEC approaches, in this work we constrain the total superchannel Flex-FEC overhead OH SC (weighted average of all FEC-OHs per carrier) to 20%. Considering that the two PM-16QAM edge carriers should exhibit a similar performance, we constrain them to have same OH. For a given OH in the PM-64QAM carrier, OH 64QAM , the correspondent OH in the PM-16QAM carriers OH 16QAM is given by:
where the 2 factor is accounting for the two PM-16QAM edge carriers. Then, similarly to the IC-FEC case, the superchannel performance with Flex-FEC coding can be assessed from the maximum pre-FEC BER among all carriers, equation (2) . However, in this case, the limit pre-FEC BER must be adjusted according to the OH required by each FEC, details are introduced later in this section. For the application of the Flex-FEC strategy, Fig. 4 shows the pre-FEC BER as a function of FEC-OHs. We took advantage of the values presented in [8, Table I ], to determine the new pre- FEC BER associated to each OH. Considering the constraint of an overall OH SC = 20%, we present the considered values of PM-64QAM OH (OH 64QAM ) and the correspondent PM-16QAM OH (OH 16QAM ).
Taking into account the determined new BER thresholds associated to each modulation format, the B2B penalties were re-calculated from experimental B2B characterization and the EGN model was re-evaluated for PRs ranging between 0 and 10 dB for all the OHs presented in Fig. 4 , aiming to find the set of OHs (OH 64QAM , OH 16QAM ) providing the best performance for the Flex-FEC strategy. Fig. 5 , presents the MR as a function of the PR between carriers, for the set of FEC-OHs considered in Fig. 4 , when CDE is applied. In our hybrid scenario, we achieve the best performance when increasing the OH 64QAM , while reducing the OH 16QAM , in order to maintain a total OH SC of 20%, corresponding to 400 Gb/s of net bit-rate. . Maximum reach as a function of the OH 64Q A M (bottom X axis) and OH 16Q A M (top X axis), for both CDE (blue curve) and DBP (red curve) cases. Note that, for each set of FEC-OHs, the correspondent maximum reach and optimum power ratio are specified.
Increasing OH 64QAM allow us to operate at a higher pre-FEC BER, thereby extending the MR of this carrier. From Fig. 5 we can determine the MR and correspondent optimum PR for each set of FEC-OHs being considered (for CDE only). The same EGN-based analysis has also been performed considering DBP. The MR obtained at the optimum PR as a function of the FEC-OHs is shown in Fig. 6 , for both CDE and DBP cases. As expected, the increase of OH 64QAM enables a gradual increase of MR up to ∼1940 km and ∼2300 km (corresponding to an improvement of ∼70% and ∼50% with respect to the IC-FEC strategy, as we will see later on), jointly with a reduction of 6.5 dB and 5 dB in the optimum PR, respectively for the CDE and DBP compensation. The optimum set of FEC-OHs is found for OH 64QAM = 40%/OH 16QAM = 5% for CDE and OH 64QAM = 36%/OH 16QAM = 8% for DBP. After these points, system performance starts deteriorating again, since it becomes limited by the reduced reach of the PM-16QAM carrier, due to its very low OH 16QAM . Now, if we consider the theory for AWGN channels devised in [21] , the optimum performance for the IC-FEC and SC-FEC strategies would require PRs of 5.7 dB and 3.6 dB, respectively, for a target BER of 2.4 × 10 −2 . However, these results do not take into account any modulation format dependent implementation penalties. In this work, due to the different B2B penalties associated with PM-16QAM (0.8 dB) and PM-64QAM (2.3 dB), the required nominal PRs are increased to 7.2 dB and 4.4 dB for the IC-FEC and SC-FEC strategies, respectively. In fact, in Fig. 2 g (PR = 7.2 dB) it can be observed that both modulation formats are performing similarly in the linear propagation regime (the two curves overlap, thereby operating at same BER). However, when the system enter in a nonlinear regime due to the different NLI generation, because of PR, the optimal condition derived in B2B is not anymore valid, as it has been simulatively shown in [40] for a system with similar frequency-hybrid properties. After running the EGN model for PRs ranging between 0 and 10 dB, we observed that the MR for the IC-FEC and SC-FEC strategies is in fact achieved for PRs of 8.7 dB and 2.2 dB, respectively, see Fig. 7(a) . In the IC-FEC strategy, the global MR is set by the worse performing carrier at the optimum superchannel launched power, therefore originating two different regions of operation: i) at low PR, the system MR and optimum power are set by the worse performing modulation format (the PM-64QAM is limiting the achievable MR, since in this case the PM-16QAM always outperforms the PM-64QAM, see Fig. 2) ; ii) at high PR, the system MR and optimum power are set by the crossing point between the individual carrier MR curves of each modulation format, which are consequently operating at the same BER. The best system performance is achieved on the transition between these two regimes of operation, occurring in the considered scenario for a PR of 8.7 dB [as can be confirmed from Fig. 7(a) ]. After this point, the maximum system performance starts to be limited by the PM-16QAM carrier still operating in the linear regime, owing to its very low power, while the PM-64QAM is already operating in nonlinear regime.
In turn, for the SC-FEC strategy, the system MR and optimum power require a continuous balanced compromise between the two modulation formats, since these are determined from the weighted average BER of the superchannel. In the considered scenario, since the PM-16QAM carriers simultaneously enable higher reach and also transport more data (2 × 4 bits per symbol, against 6 bits per symbol of the PM-64QAM carrier), the maximum performance of the system is achieved for a relatively low PR of 2.2 dB, which provides the best compromise between the two formats in terms of average superchannel BER.
All previous conclusions are summarized in Fig. 7 , where we show the MR as a function of PR for all three FEC paradigms. Note that, in the Flex-FEC case, we only present the curve corresponding to the best FEC-OH pair, OH 64QAM /OH 16QAM . In the considered scenario, the PR optimization allows for a MR extension of <10%, ∼30% and ∼15% (CDE only) for the SC-FEC, IC-FEC and Flex-FEC strategies, respectively, see Fig. 7(a) . From the FEC paradigms point of view, the theoretical, simulation and experimental results show that the SC-FEC strategy always outperform IC-FEC strategy in terms of MR. For PR=0 dB, the SC-FEC strategy enables to double the reach provided by IC-FEC. Instead, considering the optimum PR operation points for each FEC strategy (2.2 dB for SC-FEC and 8.7 dB for IC-FEC), MR gain provided by SC-FEC is ∼70%. On the other hand, we can note that by adjusting the FEC-OHs of each modulation format (Flex-FEC strategy), we can achieve approximately the same MR (∼1% gain using Flex-FEC) of the SC-FEC under the same conditions of operation (PR and optimum launched power). We also demonstrate that applying DBP the MR achieved with the SC-FEC/Flex-FEC and IC-FEC strategies can be further improved by ∼20% and ∼35%, respectively, see Fig. 7(b) . Besides, as consequence of DBP, the optimum PR for the SC-FEC and Flex-FEC strategy increases to 3 dB and 3.5 dB, due to the higher launched power coming along with the application of DBP. It is also worth noting that the optimization of PR becomes significantly more important when applying DBP. In this case, the MR extension provided by optimized PR is of ∼15% (from ∼2000 km to ∼2300 km), ∼60% (from ∼960 km to ∼1560 km) and ∼40% (from ∼1650 km to ∼2300 km) for the SC-FEC, IC-FEC and Flex-FEC strategies, respectively.
Another key system parameter is the optimum launched power per superchannel (P opt ), i.e. the mean launched power per superchannel corresponding to the MR. We collected the P opt values for all FEC implementation strategies, for both CDE and DBP cases, plotting it as a function of the PR in Fig. 8 . It can be observed that the lower PR and higher MR provided by the SC-FEC and Flex-FEC strategies comes at the expense of a 2 dB higher optimum launched mean power (P opt = −1.6 dBm against P opt = −3.6 dBm for the IC-FEC strategy, considering CDE). The application of DBP will also produce an impact on the optimum launched power, besides its impact on the optimum PR and MR. Indeed, we observe that after DBP P opt increases to −0.9 dBm (PR = 3 dB), −1 dBm (PR = 3.5 dB) and P opt = −2.2 dBm (PR = 8.4 dB) for the SC-FEC, Flex-FEC and IC-FEC strategies, respectively. This corresponds to a P opt nonlinear tolerance improvement of 0.7 dB, 0.6 dB and 1.4 dB, respectively. The previous 2 dB difference in the optimum powers between SC-FEC/Flex-FEC and IC-FEC operation strategies [see Fig. 8(a) ] is now reduced to about 1 dB [see Fig. 8(b) ]. The abrupt change of behavior of the Flex-FEC P opt curve is due to the transition between different regimes of operation: initially P opt is set by the PM-64QAM carrier (in the regime where its performance is worse than PM-16QAM), while then, there is a PR for which the two modulation format curves cross and P opt becomes defined by the intersection between the two curves (one in the nonlinear regime and the other in the linear regime). By increasing even more the PR, there will be a point where P opt starts to be given by the PM-16QAM carrier, since its maximum performance becomes worse than that of PM-64QAM for all average launched power per superchannel. Note that this transition occurs more steeply in the DBP case.
From the previous analysis, we can conclude that the IC-FEC strategy can be considered as a lower bound, being limited by the highest BER among all superchannel carriers. On the other hand, the SC-FEC strategy tends to present a better performance at the expense of requiring the application of a single FEC to the entire superchannel, aiming to interleave the bit errors of the worst performing carrier with the bit errors of the remaining carriers. Alternatively, the application of an optimized FEC-OH to each modulation format allow us to nearly achieve the same performance of the SC-FEC (under same operation conditions). However, the performance of the Flex-FEC strategy around its optimum PR value was found to vary more abruptly, both in terms of MR and in terms of P opt .
V. ADVANCED STRATEGIES FOR NONLINEAR COMPENSATION
In this section, we use the EGN model to extend the previous analysis considering different methods for the application of nonlinear compensation to the superchannel under test. Up to this point, we have been considering DBP applied to all three carriers individually, we now consider other three cases: 1) DBP is applied only to the two PM-16QAM edge carriers individually (DBP 16QAM ); 2) DBP is applied only to the center PM-64QAM carrier (DBP 64QAM ); 3) DBP is applied jointly to all three carriers forming the superchannel (DBP W B , WB accounting for wideband). Fig. 9 shows the EGN model predictions for CDE, DBP, DBP 16QAM , DBP 64QAM and DBP BW , for all three FEC strategies. From Fig. 9(a) it can be seen that there is no significant enhancement of the system MR (< 5%) when DBP is applied to all carriers (MR = 2285 km) compared to the case where DBP is applied only to PM-64QAM (MR = 2242 km).Thereby, the application of DBP only over the PM-64QAM carrier proves to be a convenient design option for the analyzed scenario, enabling a substantial complexity reduction. Alternatively, if DBP is applied jointly to the whole superchannel an additional ∼10% MR extension is achieved, which corresponds to an improvement of ∼30% over CDE. However, this case requires a wideband (WB) receiver and the joint detection of all three superchannel carriers, such that full field DBP can be applied. Considering that we employ 62.5 GHz frequency grid, today state-of-the art receivers allow a practical implementation of such approach, but due to limitations in our equipment we could not test it experimentally. Alternatively, we could also detect each carrier independently, through phase and time locked co-operating receivers, and then apply a coupled equations DBP, at the cost of additional implementation complexity [41] . These techniques enable to ideally remove for all deterministic fiber impairments, namely self phase modulation (intra-carrier nonlinearities), cross phase modulation and four wave mixing (inter-carrier nonlinearities).
Regarding the IC-FEC strategy, Fig. 9(b) shows that the DBP 16QAM does not bring any improvement over CDE, neither over DBP 64QAM , since the system performance is being limited by the PM-64QAM (up to the crossing point between individual carrier MR curves). After such high PRs (>8 dB) NLI is mainly generated by the PM-64QAM carrier, as proved in the previous sections. In contrast with the previous case, DBP W B with IC-FEC brings an improvement of only 1% on the achievable system MR (at the optimum PR).
Finally, in the case of Flex-FEC strategy, the gains provided by the application of each DBP strategy over CDE are identical to those obtained with SC-FEC (∼ 20% using DBP and DBP 64QAM and ∼ 30% using DBP W B ), see Fig. 9(c) . Moreover, the application of DBP 16QAM is again insignificant over the DBP 64QAM and CDE. Comparing the results of Fig. 9(a) and (c), we verified that the MRs obtained with the Flex-FEC (at the optimum PRs) are similar to those obtained with the SC-FEC (within 1% difference). However, in contrast with the SC-FEC case, for all DBP strategies, there is a steep performance degradation when we slightly change the PR.
VI. CONCLUSION
We have experimentally demonstrated the WDM performance optimization and transmission of nine 400G frequencyhybrid superchannels, composed of two edge PM-16QAM carriers and a central PM-64QAM carrier, designed to occupy a 62.5 GHz grid slot with a spectral efficiency of 6.4 b/s/Hz. The experimental results were complemented by split-step based OptSim TM simulations and analytical EGN model predictions. We analyzed, for the first time to our knowledge, the critical issue of power-ratio optimization adjustment between the superchannel carriers and its impact on nonlinear propagation performance. The system has been evaluated in terms of maximum transmission distance and optimum average power per superchannel under three different FEC paradigms. The SC-FEC scheme, which is based on the average superchannel BER, was found to be the more robust approach for frequency-hybrid superchannels, as it shows a smoother dependence on power-ratio between carriers, thus tolerating larger uncertainty on the system optimization. In addition, SC-FEC does not require individual optimization of FEC overheads per carrier, thereby simplifying the implementation. In other words, the residual performance gain that can be achieved by Flex-FEC encoding requires a very precise optimization of several system parameters such as launched power, power-ratio and FEC overhead, that might not be feasible in a real scenario. As opposed to it, SC-FEC enables a simpler and more error-tolerant design of frequency-hybrid transmission systems.
We have also investigated the performance gain that can be provided by the application of different DBP techniques in the considered frequency-hybrid superchannel system, and its implications on the optimum power-ratio and launched power. We note that the unequal transmitted power per carriers sets unique new challenges and opportunities for the implementation of DBP in frequency-hybrid systems. Applying self-carrier interference DBP compensation to the PM-64QAM carrier only, we demonstrated a maximum transmission distance of ∼2300 km and ∼1600 km for the SC-FEC/Flex-FEC and IC-FEC strategies, respectively. Moreover, we have also demonstrated that the nonlinear compensation of all carriers of a frequency-hybrid superchannel might not be worthwhile. Indeed, most of the benefit provided by DBP was achieved by the standalone compensation of the central PM-64QAM carrier (>95%), thereby enabling for a substantial reduction of DBP computational effort. Finally, an extended analytical study revealed that jointly compensating nonlinear impairments applying DBP to the overall superchannel signal received through a wideband receiver can potentially bring an additional improvement of about 10% over independent application of DBP for the SC-FEC/Flex-FEC strategy, while this gain becomes negligible for the IC-FEC strategy. 
